Malignant mesothelioma (MM) incidence is increasing drastically worldwide as an occupational disease resulting from asbestos exposure. However, no curative treatment for MM of advanced stage is available. Thus, new therapeutic approaches for MM are required. Because malignant pleural mesothelioma (MPM) cells spread along the pleural surface in most patients, MPM can be targeted using intrapleural therapeutic approaches. In this study, we investigated the effectiveness of the intrapleural instillation of a replication-competent adenovirus as an oncolytic agent against MPM. We constructed a vascular endothelial growth factor promoter-based conditionally replicative adenovirus (VEGF-CRAd) that replicates exclusively in VEGF-expressing cells. All of the MM cell lines that we tested expressed VEGF mRNA, and VEGF-CRAd selectively replicated in these MM cells and exerted a direct concentration-dependent oncolytic effect in vitro. Furthermore, our in vivo studies showed that pre-infection of MM cells with VEGF-CRAd potently suppressed MPM tumor formation in nude mice, and that intrapleural instillation of VEGF-CRAd prolonged the survival time of tumorbearing mice. Our results indicate that VEGF-CRAd exerts an oncolytic effect on MM cells and that intrapleural instillation of VEGF-CRAd is safe and might represent a promising therapeutic strategy for MPM.
M alignant mesothelioma (MM), an asbestos-related neoplasm of the mesothelium, is a locally aggressive tumor. The incidence of MM has been increasing markedly worldwide, and an analysis of mesothelioma mortality recorded in the World Health Organization (WHO) mortality database between 1994 and 2008 yielded an age-adjusted mortality rate of 4.9 per million.
(1) Although MM incidence is expected to peak or remain at a high level by the years 2010-2040, (2, 3) conventional therapies for MM comprising chemotherapy, surgery, and radiotherapy offer little survival benefit, (4) and only the use of these therapies in combination has shown some benefit in very highly selected groups of patients. (5) Therefore, the development of innovative therapies for MM is urgently needed.
Angiogenesis has been widely reported to be essential for tumor growth, invasion, and metastasis, (6, 7) and tumor cells are recognized to produce numerous angiogenic cytokines and growth factors that play key roles in these steps. We previously reported that interleukin-6 stimulation increased the expression of vascular endothelial growth factor (VEGF) in MM cell lines via the signal transducer and activator of transcription 3 (STAT3) pathway. (8) Previous studies have reported the expression of VEGF mRNA, protein, and receptor in MM and have suggested the existence of VEGF-dependent autocrine growth mechanisms in MM. (9, 10) Moreover, VEGF expression was reported to be considerably higher in MM than in normal mesothelial cells, (11) and serum VEGF level was found to a negative prognostic factor in MM patients; (12) These findings indicate that VEGF plays a pivotal role in MM growth and is a potential target molecule for new MM therapies. Notably, in in vitro studies, the viability of mesothelioma cells was diminished following anti-VEGF treatments performed using antisense VEGF oligonucleotides, VEGF-neutralizing antibodies, VEGF-diphtheria toxin protein, and antibodies targeting VEGF receptor. (13) Furthermore, anti-VEGF strategies have shown promise in several VEGF-expressing malignancies including MM, and these strategies have been verified in clinical trials. (14, 15) In the treatment of MM, an area of research that is particularly active and holds considerable promise is gene therapy. MM is a highly suitable tumor for direct gene delivery because of its natural characteristics: (i) MM mortality primarily results from local spreading, with metastasis occurring late in tumor progression; (ii) MM is unresponsive to conventional therapies; (iii) the expected inflammatory response in the treatment is likely to be better tolerated than that in the brain or lungs; and (iv) the pleural space where malignant pleural mesothelioma (MPM) occurs is readily accessible for both virus delivery and specimen acquisition for analysis. (16) Treatment strategies involving the use of non-replicative viruses, such as Ad-HSV-TK, have been studied and have already been tested clinically; however, non-replicative viruses transfer genes only into the superficial layers of tumor cells, and virus penetration into the tumor is likely to be limited. (17) In this regard, a conditionally replicative adenovirus (CRAd) might exhibit superior intratumoral spread and penetration because of the replication ability of the virus, and exert a stronger oncolytic effect on intrapleural tumors. In clinical trials, certain CRAds have shown promise in the treatment of ovarian cancer (18) and bladder cancer, (19) and in the case of MM, a midkine-promoter-regulated oncolytic Ad showed viral replication and oncolytic effects both in vitro and in vivo. (20) Based on the aforementioned findings, we used the VEGF promoter and generated a VEGF promoter-based CRAd, VEGFCRAd, whose promoter is activated in, and which can replicate in, VEGF-positive cells. Furthermore, we investigated the oncolytic effects of VEGF-CRAd on MM in vitro and in vivo.
Materials and Methods
Cell culture. We obtained five mesothelioma cell lines, NCI-H28, NCI-H226, NCI-H2052, NCI-H2452, and MSTO-211H, and HEK293, an Ad-transformed human embryonic kidney cell line, from American Type Culture Collection (Manassas, VA, USA). The mesothelioma cells were cultured in RPMI1640 (GIBCO, Grand Island, NY, USA) and the HEK293 cells were cultured in DMEM/F12 (GIBCO) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, and maintained at 37°C and 5% CO 2 .
Adenoviral vectors. Recombinant adenoviral vectors expressing firefly luciferase were constructed through homologous recombination in Escherichia coli by using the AdEasy system. (21) Ad5VEGFE1, Ad5CMVE1 (serotype 5 adenovirus vector expressing the E1 gene driven by the VEGF promoter or CMV promoter, respectively), Ad5/3VEGFE1 and Ad5/ 3CMVE1 (chimeric serotype 5 adenoviral vector with serotype 3 knob expressing the E1 gene driven by the VEGF promoter or CMV promoter, respectively) and Ad5VEGFLuc (serotype 5 adenovirus vector expressing firefly luciferase gene driven by VEGF promoter) were generated as reported previously. (22) A schematic representation of the recombinant adenovirus construction is shown in Figure 1 .
The viruses were propagated in the Ad-packaging cell line HEK293, purified using double CsCl density-gradient centrifugation, and then dialyzed against phosphate-buffered saline containing 10% glycerol. The viral particle (VP) concentration was determined spectrophotometrically, using a conversion factor of 1.1 9 10 12 VPs per absorbance unit at 260 nm, (23) and standard plaque assays on HEK293 cells were performed to quantify the infectious particles. (24) Analysis of VEGF RNA expression. Vascular endothelial growth factor RNA expression in each cell line was analyzed using reverse transcription and PCR (RT-PCR) as described previously. (25) Total cellular RNA was extracted from 1 9 10 7 cells by using the RNeasy kit (Qiagen, Valencia, CA, USA) and analyzed for VEGF and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNAs by using the GeneAmp RNA PCR core kit (Applied Biosystems, Grand Island, NY, USA) per the manufacturer's instructions. Briefly, 500 ng of total RNA was reverse-transcribed with random hexamers and murine leukemia virus reverse transcriptase (50°C, 30 min) and PCR-amplified with the primer pairs listed below (with each primer included at 50 nM) by using the following cycling program: an initial step of 95°C for 15 min, followed by 27 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min, and a final step of 72°C for 10 min. For the analyses, we used these primers: VEGF sense (5ʹ-GAAGTGGTGAAGTTCATG GATGTC-3ʹ) and VEGF antisense (5ʹ-CGATCGTTCTGTAT CAGTCTTTCC-3ʹ); and GAPDH sense (5ʹ-CCTTCATTGACC TCAACTA-3ʹ) and GAPDH antisense (5ʹ-GGAAGGCCATGC CAGTGAGC-3ʹ).
In vitro analysis of VEGF promoter activation. The activity of the VEGF promoter in an adenoviral context was analyzed by infecting cells with luciferase expression vectors as reported previously. (26) Briefly, cells were seeded in 12-well plates in triplicate at a density of 1 9 10 5 cells/well, and on the following day, they were infected with Ad5VEGFLuc or Ad5CMVLuc at an MOI of 10 pfu/cell in DMEM containing 2% fetal calf serum for 3 h and then maintained in complete medium. The cells were also infected with Ad5/3CMVLuc to assess the difference in infectivity between Ad5 and Ad5/3 chimeric vectors. The infected cells were harvested and treated with lysis buffer (cat #E153A; Promega, WI, USA) after culturing for 2 days, and a luciferase assay (Luciferase Assay System; Promega) was used to measure the luciferase activity of the Adinfected cells. The measured luciferase activity was normalized relative to the protein concentration in the cell lysates (Bio-Rad DC Protein Assay kit; Bio-Rad, Hercules, CA, USA).
In vitro analysis of viral replication. Replication of Ads in mesothelioma cells was assessed as follows. NCI-H226 cells were plated in six-well plates in triplicate at a density of 3 9 10 5 cells/well, and after overnight culture, they were infected with each Ad construct at an MOI of 10 pfu/cell in RPMI 1640 containing 2% FBS for 3 h. Next, the infected cells were harvested and divided into three portions, re-plated into three wells of 24-well plates, and maintained in complete medium. The cells from a single well were harvested on Days 0 (control), 3, and 6, and the infectious particles were quantified using standard plaque assays.
In vitro cytotoxicity assay. To measure virus-mediated cytotoxicity, 5 9 10 3 mesothelioma cells (NCI-H2052, . Deletion of the E3 region was necessary because the 2.6 kb VEGF promoter we chose was too long to insert into the Ad genome without deletion of the adenoviral E3 region. Ad5CMVE1 and Ad5VEGFE1 differ in the promoter driving E1A expression. We also constructed fiber modified Ad5/3VEGFE1 and Ad5/3CMVE1.
NCI-H2452, NCI-H226, and NCI-H28) were seeded per well in 96-well plates in triplicate, and after overnight culture, they were infected with each Ad construct at various MOI for 3 h. The infection medium was then replaced with RPMI1640 containing 10% FBS, and the viable cells were evaluated once every 3 days by using the MTS assay (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay; Promega); the MTS color development was quantified as the optical density at 490 nm by using an EL 800 Universal Microplate Reader (Biotec Instruments Inc., Winooski, VT, USA).
To visualize the cytotoxic effect, crystal violet staining was also performed. We seeded 2 9 10 5 cells per well in 12-well plates and infected the cells with each Ad construct at various MOI for 3 h, and then replaced the infection medium with growth medium on the next day. When cell lysis was observed, the cells were fixed and stained with 1% crystal violet in 70% ethanol for 45 min, and then washed with tap water to remove excess color. The plates were dried, and images were captured using a Kodak DC260 digital camera (Eastman Kodak, Rochester, NY, USA). All experiments were performed in duplicate wells.
In vivo studies: tumor formation in nude mice. All animals were used in accordance with protocols approved by the animal care committees of Kyushu University, and experiments were conducted according to both the Guidelines for Animal Experiments of Kyushu University and the Law (No. 105) and Notification (No. 6) of the Japanese government. As the animal model for studying the time course of tumor formation in vivo, we used 5-week-old female nude mice. Briefly, NCI-H226 cells (1 9 10 7 ) were directly injected into the left pleural space of the nude mice (Day 1), and the mice were sacrificed every 2 weeks and the bilateral lungs, pleural walls, heart, and diaphragm were resected to check for tumor formation microscopically. ) infected with Ad5VEGFE1 or Ad5VEGFLuc were injected into the left pleural space of nude mice. Mice were observed for 7 weeks for survival, and sacrificed to investigate intrapleural tumor formation microscopically.
To evaluate the suppression of pre-established intrapleural tumors by the replication-competent Ad in vivo, we injected the Ads into the intrapleural space in tumor-bearing mice. Briefly, 2 weeks after intrapleural implantation of NCI-H226 cells, 1 9 10 8 pfu of Ad5/3CMVLuc or Ad5/3VEGFE1 was injected directly into the pleural space, and then the mice were observed for survival.
Results
Transgene expression driven by VEGF promoter in the Ad context in vitro. In in vitro studies, we first evaluated five mesothelioma cell lines and three lung cancer cell lines for VEGF expression by RT-PCR as reported previously. (25) VEGF mRNA was expressed by all tested mesothelioma cell lines and lung cancer cell lines. Among four structural variants of VEGF (VEGF121, VEGF165, VEGF189, and VEGF206), VEGF121 and VEGF165 are the dominant isoforms in these cell lines as shown in Figure 2(a) . These results indicated that mesothelioma cells produce VEGF proteins at high levels and suggested that the VEGF promoter in the Ad context could be activated in these cell lines. We next measured the activity of the VEGF promoter in an adenoviral context using a recombinant adenovirus expressing the luciferase gene (Ad5VEGFluc) in five mesothelioma cell lines in which VEGF mRNA expression was detected. In all tested lines infected by Ad5CMVLuc or Ad5/ 3CMVLuc, significant luciferase expression was confirmed by luciferase assay. Additionally, all mesothelioma cell lines were more susceptible to fiber-modified Ad5/3 chimeric vector infection than to infection by the serotype 5 adenoviral vector based on a comparison of the luciferase activities of the cells infected by Ad5/3CMVLuc and Ad5CMVLuc. In these five mesothelioma cell lines infected by Ad5VEGFLuc, H226 showed 10-100 times higher luciferase expression than the other cell lines (Fig. 2b) . Based on these data, we concluded that the VEGF promoter was able to induce transgene expression in VEGF-producing mesothelioma cells and, notably, that the VEGF promoter retained its specificity when placed in the Ad genome.
VEGF-promoter-driven CRAds replicate in vitro. To examine the replication of the replication-competent Ads, NCI-H226 cells were infected by Ad5VEGFE1 or Ad5/3VEGFE1, or Ad5/3CMVLuc as a negative control viral vector. We found that the replication-competent Ads Ad5VEGFE1 and Ad5/ 3VEGFE1 produced progeny at significant levels at 3 and 6 days after infection as shown in Figure 3 . Ad5/3VEGFE1 produced approximately 100 times more progeny than Ad5VEGFE1, probably because of the higher infectivity of Ad5/3 chimeric viral vector in NCI-H226 cells. In contrast, the non-replicative Ads, Ad5/3CMVLuc, did not produce any progeny despite have a strong promoter and a vector with high infectivity. Additionally, we previously demonstrated the inability of Ad5VEGFE1 to replicate in BEAS-2B cells, which have low VEGF expression. (27) These results indicate that the VEGF promoter retains its fidelity even in a replication-competent adenoviral context and induces selective replication in VEGF-producing mesothelioma cells, and further suggest that the VEGF-promoter-driven CRAds could also propagate in VEGF-producing MPM tumors in vivo.
Specific cell-killing efficacy of VEGF-promoter-driven CRAds.
Next, we investigated the cell-killing effect of replication- competent Ads against to VEGF-positive mesothelioma cell lines. In NCI-H226 cells, Ad5VEGFE1 and Ad5/3VEGFE1 exerted cell-killing effects as strong as those of Ad5CMVE1 as a positive-control virus, as shown in Figure 4 . All NCI-H226 cells died by Day 12 after infection at an MOI of 0.1. In the other three mesothelioma cell lines, the cell-killing effects were weaker than those shown in NCI-H226 cells. The pattern observed in the cell-killing results is different from that in the promoter activity assay because the viral infectivity is different in tumor cells.
Days after infection (day)
Tumor formation in nude mice. To investigate whether the VEGF-promoter-driven CRAds also exert an anti-tumor effect in vivo, we first observed the intrapleural MPM tumor formation process in nude mice macroscopically and microscopically. We detected visible small tumors at 2 weeks after cell implantation, and the tumors then increased in size and invaded the surrounding lung, heart, or chest wall as shown in Figure 5 . All mice (n = 3) harboring MPM tumors died within 50 days.
Tumor growth suppression: pre-infection with Ad5VEGFE1 in vitro. In the next step, we investigated the tumor-suppression effect of the CRAds in vivo. In the control group, the mice were implanted in the pleural space with NCI-H226 cells infected by Ad5VEGFLuc. Although the ratio of pre-infected cells was as high as 50% of the total cells, significant tumor formation was shown in the pleural space (Fig. 6a) . In contrast, mice implanted with NCI-H226 cells including 10% cells pre-infected with Ad5VEGFE1 showed no tumor growth in the pleural space (Fig. 6b) . Furthermore, whereas all tumorbearing mice (n = 3) had died within 50 days in the control group, all mice (n = 3) in the treatment group survived in the observation period (Fig. 6c) . These results suggest that preinfected NCI-H226 cells produced progeny that spread and infect intact cells in the pleural space in vivo.
Tumor growth suppression by Ad5/3VEGFE1 in vivo. Lastly, we investigated whether replication-competent Ads suppressed tumor growth after MPM tumors had been established. We injected Ad5/3VEGFE1 (1 9 10 8 pfu) directly into the left pleural space of the tumor-bearing mice once at day 15 after implantation. The survival time in the group treated with Ad5/ 3VEGFE1 tended to be longer, although the difference between the survival curves of both groups was not significant, as shown in Figure 6 (d) (P = 0.1092). These results suggest that Ad5/3VEGFE1 could potentially suppress MPM tumor growth even after tumor establishment in vivo.
Discussion
Malignant pleural mesothelioma incidence is increasing worldwide, and MPM is resistant to conventional chemotherapy with cytotoxic drugs and radiotherapy; therefore, the development of a new treatment strategy is urgent. Gene therapy is a promising modality for treatment because MPM tumors localize in the pleural space, which is easily accessible by percutaneous punctuation and has a large surface suitable for gene transduction by viral vectors. A phase I clinical trial for MM has already been conducted using a replication-incompetent Ad expressing NK4 to inhibit the HGF/c-Met pathway in Japan. (28) However, one of the major disadvantages of treatment with a non-replicative Ad is lower penetration of the viral vector in solid tumors. Thus, non-replicative Ads transfer the gene only to the superficial layers of the tumor and are not able to infect the deep layers. (29) In this regard, replicationcompetent Ads might help to overcome the disadvantages of Ads and provide superior intratumoral penetration because of their ability to replicate and release new virus progeny.
In this study, we focused on higher VEGF expression in mesothelioma cells (11) and conceived the application of VEGF promoter-based conditionally replicative Ads, Ad5VEGFE1 or Ad5/3VEGFE1, for MPM treatment. As expected, these viral vectors were able to replicate in cultured mesothelioma cells, similarly to the replication in lung cancer cells that we reported previously. (22) VEGF-CRAd replication can be driven by the VEGF secreted from cancer cells and results in oncolytic effects. The virus does not reduce tumor angiogenesis by altering the function of tumor-associated endothelial cells.
Although we did not demonstrate the replication of VEGFCRAd in vivo directly, our results suggest that newly produced VEGF-CRAd progeny viruses from pre-infected mesothelioma cells infect to intact mesothelioma cells in the intrapleural space in mice. In the vivo model, mesothelioma cells injected into the pleural space formed tumors of various shapes intrapleurally. Although the case in Figure 5 shows a flatly spreading tumor, some other mice showed a solid mass in the pleural space. The effectiveness of viral infection may depend on the surface area of the tumor, and flatly spreading tumors may be more susceptible to viral infection than solid masses. Therefore, we speculate that the two mice with a relatively longer survival time may have had such flatly spreading tumors, resulting in a better outcome for the viral therapy. Because all mice were observed until death, no clear difference in the pleural tumors was found macroscopically and histologically at the time of death, which is a limitation in this experiment. In the future, we plan to visualize the tumor formation process by computed tomography or by using a bioimaging tool before and after treatment. Recently, Zalcman et al. (15) reported that addition of bevacizumab to pemetrexed plus cisplatin significantly improved OS for advanced malignant pleural mesothelioma in a randomized, controlled, openlabel, phase 3 trial. The result of this clinical trial highlighted the importance of blocking the VEGF signal pathway in the treatment of mesothelioma. From another perspective, mesothelioma expresses VEGF as a significant signal for tumor growth, which is also advantageous for the propagation of VEGF-CRAd.
The safety profile, including the potential for an excessive immune response, is also a key consideration for clinical application of this treatment strategy. A previous study showed that one of the disadvantages of intrapleural instillation of recombinant Ads was that it resulted in mild microscopic pleuritis, myositis, and epicarditis, although these histological changes were restricted to the pleural space, were not associated with morbidity or mortality, and were reversible. (30) Here, we investigated the intrapleural organs at 1 week after instillation of replication-competent viruses and observed inflammatory changes in the pleural space, as reported previously. However, we detected no damage in the lung and pleura macroscopically and microscopically in this study (Fig. S1) . Thus, in contrast to the inflammatory responses observed after high-dose recombinant Ad administration into the lung, (31, 32) the inflammatory changes resulting from intrapleural administration are not significant. A previous study also reported viral dissemination to extrathoracic organs after intrapleural administration, possibly as a result of hematogenous spread, but this was transient and not associated with clinical, pathologic, or biochemical abnormalities related to organ dysfunctions. (30) If the Ads propagated in the pleural space leak into the extrathoracic space, the amount of leaked virus would be small, and also Ads driven by the VEGF promoter would not be activated in normal tissues and would disappear without any severe toxicity.
In previous studies, neutralizing antibodies in the serum and the pleural space developed following both intranasal (33) and intrabronchial (34) administration, but these immune responses induced no adverse clinical sequence. (35) However, neutralizing antibodies in the pleural space might bind to the viral vector, limit gene-transfer efficiency, and potentially negate the effects of viral therapy. Systemic corticosteroid administration has been shown to reduce clinical inflammatory responses but not inhibit antibody production; (36) therefore, additional studies aimed at inhibiting antibody development, particularly in the pleural space, are required.
In summary, we have demonstrated that VEGF-CRAd produces oncolytic effects in MM in vitro and offers survival benefits in MPM tumor-bearing mice. Although statistical significance was not achieved and further investigation is required, we believe that the data we have reported here provide a basis for MM treatment with VEGF-CRAd.
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